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Abstract
Both drug-induced locomotor sensitization and reactivity to novelty in rodents have been related to drug-
craving mechanisms in humans. We investigated whether the exposure to a completely novel environ-
ment would modulate the expression of locomotor sensitization induced by repeated administration of
amphetamine (Amp) in mice. In addition to locomotion, diﬀerent open-ﬁeld behavioural parameters were
used to evaluate the possible involvement of anxiogenic-like eﬀects induced by Amp, novelty or a com-
bination of the two. In order to avoidmisinterpretations due to diﬀerent locomotor baseline conditions, we
used an open-ﬁeld illumination condition in which previous exposure to the apparatus did not modify
locomotion (although it reliably increased grooming behaviour). Acute Amp administration increased
locomotion in mice previously habituated to the open ﬁeld (Hab) but not in mice exposed to the apparatus
for the ﬁrst time (Nov). This absence of Amp-induced locomotor activation in Nov mice may be related to
higher anxiety-like levels, because these animals displayed longer freezing duration. However, only Nov
mice developed locomotor sensitization. Because Amp challenge in Amp pre-treated Nov mice did not
induce an increase in freezing behaviour, the locomotor sensitization in Nov mice might be related to the
tolerance of Amp-induced anxiogenic-like behaviour in novel environments. Repeated Amp adminis-
tration increased motivation to explore the environment in Nov mice in that these animals presented a
within-session locomotion-habituation deﬁcit. Our data suggest that a complex and plastic interaction
between the anxiogenic and motivational properties of both novelty and Amp can critically modify the
behavioural expression of craving-related mechanisms.
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Introduction
Behavioural sensitization is deﬁned as the enhance-
ment of a behavioural response elicited by a challenge
injection of a drug after repeated administration
(Chinen et al. 2006 ; Robinson & Becker, 1986 ;
Robinson & Berridge, 1993, 2000, 2001). Importantly,
the neuroadaptations underlying sensitization to the
locomotor-stimulant eﬀect of drugs of abuse in ro-
dents have been related to drug-craving and drug-
seeking behaviour in humans (Robinson & Berridge,
1993, 2000, 2001 ; Solinas et al. 2008). This phenomenon
has been demonstrated for many drugs of abuse and
has been a special interest in studies investigating
psychostimulants such as amphetamine (Amp).
Amp-induced behavioural sensitization is com-
posed of two distinct phases : the induction (or devel-
opment) phase and the expression phase. The
induction phase is measured in terms of the animal’s
behavioural responses to repeated drug treatment,
and the expression phase is measured in terms of the
animal’s behavioural responses towards a drug chal-
lenge injection, which is performed after withdrawal
following repeated treatment with the drug. Evidence
indicates that these phases are related to diﬀerent
brain structures. Whereas the induction phase of
Amp-induced psychomotor sensitization is associated
with activation of the ventral tegmental area, the ex-
pression phase is linked to activation of the nucleus
accumbens (Cador et al. 1995; Kalivas & Weber, 1988 ;
Paulson & Robinson, 1991; Perugini & Vezina, 1994 ;
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Vezina & Stewart, 1990). Within this aspect, Paulson &
Robinson (1991) reported that a challenge injection of
Amp into the nucleus accumbens produced locomotor
sensitization in rats that had been pre-treated with
systemic injections of the drug. In parallel, repeated
injections of Amp into the ventral tegmental area, but
not into the nucleus accumbens, produced sensitiz-
ation to hyperlocomotion elicited by a challenge sys-
temic injection of Amp in rats (Kalivas &Weber, 1988).
In a series of elegant reports, Carey and colleagues
(Carey & Damianopoulos, 2006 ; Carey et al. 2003a, b,
2005), demonstrated that the behavioural and neuro-
biological impact of drugs of abuse such as cocaine can
be strongly inﬂuenced by the novelty component of
environmental context in which the drug’s eﬀects
are experienced. In fact, these authors showed that
cocaine’s acute locomotor-stimulant eﬀect, its sensitiz-
ation after repeated administration, and its condition-
ing eﬀects on hyperlocomotion are all critically
inﬂuenced and/or dependent on the environmental
habituation process. From a clinical point of view,
novelty has been proposed as a major contributing
factor to drug craving (Kosten et al. 1994; Zuckerman,
1996). Indeed, accumulated evidence suggests that
exposure to novelty activates, at least in part, the same
neuronal substrate that mediates the rewarding eﬀects
of drugs of abuse (Bardo et al. 1996). In the speciﬁc case
of Amp abuse, it is important to acknowledge that its
potential interaction with novelty is strengthened by
the fact that both Amp and novelty present simul-
taneous rewarding and anxiogenic eﬀects (Badiani
et al. 1995a–c, 1997 ; Biała & Kruk, 2007 ; Capasso et al.
1995 ; Fukushiro et al. 2007 ; Kalivas & Stewart, 1991;
Lin et al. 1999 ; Pellow et al. 1985 ; Pogorelov et al. 2007;
Rebec et al. 1997a, b ; Rosenzweig-Lipson et al. 1997;
Silva et al. 2002).
In their studies on Amp-induced behavioural sen-
sitization, Badiani et al. (1995a–c, 1997) demonstrated
that when Amp is repeatedly administered in a
relatively novel environment the induction phase of
sensitization (to Amp-induced rotational behaviour
in 6-OHDA-lesioned rats and to Amp-induced hyper-
locomotion) is potentiated when compared to animals
that received the drug in home-cages physically
identical to the relatively novel environment.
The present study investigates the eﬀects of en-
vironmental novelty on the expression phase of Amp-
induced behavioural sensitization in Swiss mice.
Therefore, we compare both the acute and the sensi-
tized response to Amp in mice exposed for the ﬁrst
time to an open ﬁeld (Nov) or mice that were pre-
viously habituated to the apparatus (Hab). In order to
control the inﬂuence of diﬀerent locomotor baseline
conditions, we used an open-ﬁeld habituation protocol
previously developed in pilot experiments that does
not modify locomotor activity (although it reliably
increases grooming behaviour). In order to evaluate
the possible involvement of anxiogenic-like eﬀects
induced by Amp, environmental novelty or both,
open-ﬁeld central (and consequently peripheral) loco-
motion and freezing behaviour were also quantiﬁed.
These behavioural parameters have been extensively
related to anxiogenic-/anxiolytic-like eﬀects in rodents
(Alvarez et al. 2006 ; Branda˜o et al. 2008 ; Goto et al. 1993;
Patti et al. 2005 ; Prut & Belzung, 2003). Finally, in order
to investigate the contribution of the animals’ ex-
ploratory motivational state speciﬁcally, within-
session habituation was also quantiﬁed. As shown by
Carey et al. (2003a), within-session habituation devel-
ops not only in novel environments, but also in those
previously experienced (between-session habituation).
Thus, within-session habituation can be used to evalu-
ate the acute and repeated eﬀects of Amp on explora-
tory motivational state in both Nov and Hab mice.
Method
Subjects
Three-month-old Swiss EPM-M1 male mice (40–45 g)
from our own colony were used. The animals were
housed, 12 per cage, in polypropylene cages (32 cmr
42 cmr18 cm) under conditions of controlled tem-
perature (22–23 xC) and lighting (12-h light/dark
cycle, lights on 06:45 hours). Food and water were
available ad libitum throughout the experiment.
The experimental protocol was approved by the
Committee for the Use of Animal Subjects from our
institution (Universidade Federal de Sa˜o Paulo,
UNIFESP). In addition, the experiment was performed
in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80–23, revised 1996).
Drug
D-amphetamine (Sigma, USA) was freshly diluted in
saline solution. Saline was used as the control solution.
The solutions were delivered intraperitoneally (i.p.)
at a volume of 10 ml/kg body weight and were ad-
ministered 15 min before behavioural testing. Re-
peated treatment and testing were performed between
08:00 and 11:00 hours.
Open-ﬁeld test
The open-ﬁeld apparatus used in the present study
was a circular wooden box (40 cm diameter, 50 cm
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high) with an open top and a ﬂoor divided into 19
squares, as previously described by Chinen et al.
(2006). Using hand-operated counters or stopwatches,
the following behavioural parameters were measured
by an observer (who was unaware of treatment allo-
cation) during the 10-min session:
$ total locomotion=total number of entries into any
ﬂoor unit ;
$ peripheral locomotion=number of entries into any
ﬂoor unit contiguous to the apparatus walls ;
$ central locomotion=number of entries into any ﬂoor
unit not contiguous to the apparatus walls ;
$ grooming duration=total seconds of contact be-
tween the mouth or paws on the body or the head;
$ freezing behaviour=total seconds of movement
cessation accompanied by piloerection.
The illumination at the ﬂoor level of the apparatus
was 200 lx. Rodent locomotor activity can be increased
by administering rewarding stimuli and decreased
by administering aversive stimuli (Bouwknecht et al.
2007 ; Robinson & Berridge, 1993). In the present
study, we tried to balance the rewarding and aversive
eﬀects of open-ﬁeld novelty by using a relatively high
(200 lx) illumination at the ﬂoor level of the apparatus.
Previous experiments demonstrated that under the
speciﬁc open-ﬁeld conditions described above, pre-
vious experience with the open ﬁeld does not decrease
locomotor activity ; however, it does produce a
marked and reliable increase in grooming behaviour
(Fukushiro et al. 2010).
Evaluation of behaviour of mice in the open ﬁeld
was conducted for 10 min because even shorter
periods have proved to be optimum for reliably and
accurately evaluating the eﬀects of drugs acting on
dopaminergic systems (Castro et al. 2006; Faria
et al. 2005 ; Frussa-Filho & Palermo-Neto, 1990, 1991 ;
Fukushiro et al. 2007a, b, 2008 ; Queiroz & Frussa-Filho,
1997) and particularly the stimulant eﬀect and be-
havioural sensitization produced by Amp (Alvarez
et al. 2006; Araujo et al. 2006 ; Bellot et al. 1997 ;
Calzavara et al. 2008 ; Carvalho et al. 2009; Chinen et al.
2006 ; Costa et al. 2001 ; Frussa-Filho et al. 2004) and
other drugs of abuse (Araujo et al. 2005, 2009 ; Bellot
et al. 1996). Moreover, under our speciﬁc experimental
conditions, we recently veriﬁed that the behavioural
competition between Amp-induced hyperlocomotion
and stereotypy in the open-ﬁeld apparatus is
much stronger when mouse behaviour is quantiﬁed
after this optimum period (Frussa-Filho et al. 2010).
Furthermore, Adriani & Laviola (2000) have demon-
strated that, when administering Amp (2 mg/kg i.p.)
to mice, the increase in locomotion is higher during the
ﬁrst period (0–30 min) than in the last period
(30–120 min) of the observation session. These results
show that the locomotor-activating eﬀect of Amp fol-
lows a classical habituation proﬁle. The 15-min inter-
val between Amp administration and open-ﬁeld
exposure was chosen because it has proved to be the
peak of Amp activity under our laboratory conditions
(Frussa-Filho et al., unpublished data).
Experimental procedure
Sixty-three mice were randomly allocated into four
groups (n=15–16) : Nov-Sal-Sal, Nov-Amp-Sal, Nov-
Sal-Amp, and Nov-Amp-Amp. In order to induce be-
havioural sensitization, the animals received either an
i.p. injection of saline or 2.0 mg/kg Amp every other
day for 13 d in their home-cages. Seven days after
the last injection, the animals were tested for the ex-
pression of Amp-induced behavioural sensitization.
To test for sensitization, they received an i.p. challenge
injection of saline or 2.0 mg/kg Amp and, 15 min later,
they were placed for the ﬁrst time (Nov) in the open
ﬁeld, where their behaviour was quantiﬁed for 10 min
at 2-min intervals. Before the ﬁrst injections, 64 other
mice were habituated to the open ﬁeld (20-min ses-
sions) for three consecutive days. These animals were
also allocated into four groups (n=16) : Hab-Sal-Sal,
Hab-Amp-Sal, Hab-Sal-Amp, and Hab-Amp-Amp.
These groups were subjected to the same treatment
protocol and the same open-ﬁeld exposure as the Nov
groups.
We chose the dose of Amp that produced, under
our laboratory conditions, locomotor stimulation cap-
able of potentiation after repeated treatment in mice
(Costa et al. 2001, 2007). The sensitization protocol
employed has proved to be eﬀective at inducing
sensitization to the locomotor-stimulant eﬀect of Amp
in mice in our laboratory (Costa et al. 2001, 2007).
Statistical analysis
To analyse the open-ﬁeld parameters measured at
one time-point, we employed a 2r2r2 (habitua-
tionrrepeated treatmentrchallenge injection) three-
way ANOVA. Multiple comparisons were performed
using Tukey’s HSD post-hoc test. Four-way ANOVA
with repeated measures (time or within-session ha-
bituationrhabituation or between-session habitu-
ationrrepeated treatmentrchallenge injection) was
used on the time–response curve of total locomotion.
In addition, Helmert’s contrasts were included in
the ANOVA. These contrasts tested for changes
across time by comparing the expression at each time-
point to all subsequent time-points. A p value <0.05
Amphetamine eﬀects and novelty 957
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was considered to be a statistically signiﬁcant diﬀer-
ence.
Results
Figure 1(a–c) shows the total, peripheral and central
locomotion counts. For total locomotion, the three-
way ANOVA revealed signiﬁcant eﬀects caused by
habituation (HabrNov) [F(1, 119)=4.6, p<0.05], re-
peated treatment (SalrAmp) [F(1, 119)=52.3, p<
0.001] and challenge injection (SalrAmp) [F(1, 119)=
107.9, p<0.001]. There were also signiﬁcant interac-
tions between habituation and repeated treatment
[F(1, 119)=6.9, p<0.01], habituation and challenge
injection [F(1, 119)=3.9, p<0.05] and repeated treat-
ment and challenge injection [F(1, 119)=12.6,
p<0.005]. Moreover, there was a signiﬁcant interac-
tion between the three factors [F(1, 119)=16.4,
p<0.001]. Tukey’s HSD post-hoc test showed that acute
Amp administration only increased locomotion counts
in Hab animals (Hab-Sal-Amp>Hab-Sal-Sal but Nov-
Sal-Amp=Nov-Sal-Sal). In addition, only the Nov
group developed behavioural sensitization (Nov-
Amp-Amp > Nov-Sal-Amp and Hab-Amp-Amp,
but Hab-Amp-Amp=Hab-Sal-Amp). Repeated ad-
ministration of Amp did not modify spontaneous
locomotion of Hab or Nov mice (Hab-Amp-
Sal=Hab-Sal-Sal and Nov-Amp-Sal=Nov-Sal-Sal). In
peripheral locomotion, three-way ANOVA revealed
signiﬁcant eﬀects due to both repeated treatment
[F(1, 119)=50.2, p<0.001] and challenge injection
[F(1, 119)=117.8, p<0.001]. In addition, we observed
a signiﬁcant interaction between repeated treatment
and challenge injection [F(1, 119)=13.7, p<0.001].
Furthermore, there was a signiﬁcant interaction be-
tween habituation, repeated treatment and challenge
injection [F(1, 119)=8.6, p<0.005]. Tukey’s HSD post-
hoc test showed the same results that we observed
for the total locomotion parameter, i.e. acute Amp
administration only increased locomotion in Hab
mice, but only Nov animals developed behavioural
sensitization. In central locomotion, the three-way
ANOVA revealed signiﬁcant eﬀects of repeated treat-
ment [F(1, 119)=24.7, p<0.001] and challenge injec-
tion [F(1, 119)=22.8, p<0.001], and signiﬁcant
interactions were revealed between habituation and
repeated treatment [F(1, 119)=8.8, p<0.005], repeated
treatment and challenge injection [F(1, 119)=5.4,
p<0.05] and between the three factors [F(1, 119)=19.8,
p<0.001]. Tukey’s HSD post-hoc test showed that only
Nov animals developed behavioural sensitization
(Nov-Amp-Amp>Nov-Sal-Amp and Hab-Amp-Amp,
but Hab-Amp-Amp=Hab-Sal-Amp).
Figure 2(a, b) shows grooming and freezing
behaviours. A three-way ANOVA of grooming be-
haviour revealed signiﬁcant eﬀects of habituation
[F(1, 119)=17.6, p<0.001] and challenge injection
[F(1, 119)=73.9, p<0.001]. There was also a signiﬁcant
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Fig. 1. (a) Total locomotion counts, (b) peripheral locomotion
counts and (c) central locomotion counts during
amphetamine (Amp) challenge in the novel (Nov) or familiar
(Hab) open ﬁeld. Novelty decreased the acute locomotor-
stimulant eﬀect of Amp but facilitated behavioural
sensitization induced by repeated Amp. Data are reported
as mean¡S.E.M. * p<0.05 compared to the Sal-Sal group
subjected to the same environmental conditions. · p<0.05
compared to the Sal-Amp group subjected to the same
environmental conditions. # p<0.05 compared to the
Amp-Sal group subjected to the same environmental
conditions. $ p<0.05 compared to the Hab group subjected
to the same pharmacological treatment. Three-way ANOVA
followed by Tukey’s HSD test.
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interaction between repeated treatment and challenge
injection [F(1, 119)=7.7, p<0.01]. Tukey’s HSD post-
hoc test showed that all Amp-challenged animals (Hab
andNov) presented a signiﬁcant decrease in grooming
duration compared to saline controls. The Hab-Sal-Sal
group presented a signiﬁcant increase in grooming
duration when compared to the Nov-Sal-Sal group,
which demonstrated environmental habituation. A
three-way ANOVA of freezing behaviour revealed
signiﬁcant eﬀects of repeated treatment [F(1, 119)=5.3,
p<0.05] and challenge injection [F(1, 119)=32.2,
p<0.001]. In addition, there were signiﬁcant interac-
tions between habituation and repeated treatment
[F(1, 119)=8.9, p<0.005], repeated treatment and
challenge injection [F(1, 119)=5.3, p<0.05] and be-
tween the three factors [F(1, 119)=8.9, p<0.005].
Tukey’s HSD test showed that acute Amp adminis-
tration only enhanced freezing duration in Nov ani-
mals (Nov-Sal-Amp > Nov-Sal-Sal). Thus, repeated
Amp treatment in Nov animals reversed the increase
in freezing behaviour, which was induced by acute
Amp administration (Nov-Amp-Amp < Nov-Sal-
Amp).
Figure 3 shows the total locomotion counts
throughout the observation session. A four-way
ANOVA with repeated measures revealed that
there were signiﬁcant interactions between timer
challenge injection [F(4, 476)=14.3, p<0.001], timer
habituationrchallenge injection [F(4, 476)=2.8,
p<0.05] and timerrepeated treatmentrchallenge in-
jection [F(4, 476)=8.4, p<0.001]. Helmert’s contrasts
revealed a signiﬁcant within-session habituation for
all of the groups except the Nov-Amp-Amp group.
Thus, these contrasts judged that the locomotion in the
ﬁrst session bin (2) was greater than the mean loco-
motion in the remaining session bins for all of the
groups (p<0.05) except the Nov-Amp-Amp group,
which conﬁrmed that this group presented a within-
session habituation deﬁcit.
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Fig. 2. (a) Grooming duration and (b) freezing duration
during Amp challenge in the novel (Nov) or the familiar
(Hab) open ﬁeld. Novelty decreased spontaneous grooming
and increased Amp-induced freezing behaviour. Repeated
Amp reversed this increase in freezing duration in
Nov animals. Data are reported as mean¡S.E.M. * p<0.05
compared to the Sal-Sal group subjected to the same
environmental conditions. · p<0.05 compared to the
Sal-Amp group subjected to the same environmental
conditions. # p<0.05 compared to the Amp-Sal group
subjected to the same environmental conditions. $ p<0.05
compared to the Hab group subjected to the same
pharmacological treatment. Three-way ANOVA followed
by Tukey’s HSD test.
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Fig. 3. Total locomotion counts throughout the 10-min session
of the Amp challenge in the novel (Nov) or familiar (Hab)
open ﬁeld. There was a within-session habitation deﬁcit in
the Nov-Amp-Amp group. Data are reported as mean¡S.E.M.
Four-way ANOVA with repeated measures revealed a
signiﬁcant interaction between ‘within-session
habituation’rchallenge injection, ‘within-session
habituation’r‘between-session habituation’rchallenge
injection and ‘within-session habituation’r‘ repeated
treatment’rchallenge injection. Helmert’s contrasts included
in the analysis showed that all of the groups presented
within-session habituation, except for the Nov-Amp-Amp
group.
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Discussion
In the present study, we demonstrated that exposure to
a novel and relatively aversive environment can de-
crease the acute locomotor-stimulant eﬀect of Amp and
increase its sensitization eﬀect. In mice acutely treated
with Amp, exposure to a novel and relatively highly
illuminated open ﬁeld increased Amp-induced freez-
ing behaviour and inhibited the locomotor-stimulant
eﬀect of Amp administration. In mice repeatedly
treatedwithAmp, exposure to this novel and relatively
highly illuminated environment no longer increased
Amp-induced freezing behaviour and markedly
potentiated locomotor sensitization to this psychosti-
mulant. Importantly, we also demonstrated that Amp
treatment increased the exploratory motivational
state of the Nov animals, as suggested by the abolition
of within-session habituation in the Nov-Amp-Amp
group. Taken together, the present data suggest that
the rewarding and anxiogenic eﬀects of novelty and
Amp interact in a complex and plastic way.
Rodent locomotor activity can be increased by
administering rewarding stimuli and decreased by
administering aversive stimuli (Bouwknecht et al.
2007 ; Robinson & Berridge, 1993). In the present
study, we tried to balance the rewarding and aversive
eﬀects of open-ﬁeld novelty by using a relatively high
(200 lx) illumination at the ﬂoor level of the apparatus.
Indeed, Bouwknecht et al. (2007) have shown that
highly illuminated open ﬁelds decrease rodent loco-
motion. Because we balanced the aversive and re-
warding eﬀects of the novel environment, habituation
to the open-ﬁeld environment did not lead to a
decrease in the spontaneous locomotor activity of
mice. This result is opposed to the well-known
decreased locomotion observed in rodents repeatedly
exposed to an open ﬁeld under low-light levels (Carey
& Damianopoulos, 2006 ; Carey et al. 2003a, b, 2005).
In an earlier experiment (Frederico et al. 1994a), we
veriﬁed a complete absence of the inhibitory eﬀect of
environmental habituation on locomotor activity
in mice repeatedly exposed to an elevated open ﬁeld
(i.e. an aversive open-ﬁeld apparatus without walls,
elevated 50 cm from the ground). In an aversive open-
ﬁeld environment, the aversive component of novelty
is increased and the rodent’s overall activity is re-
duced. In a second session, the animal should not only
show a decrease in overall activity caused by habitu-
ation to novelty’s appetitive component, but also an
increase in overall activity because of habituation to
novelty’s aversive component. As a result, the overall
activity should remain unchanged. Accordingly,
we observed that the overall activity of mice in the
elevated open ﬁeld during the ﬁrst session was sig-
niﬁcantly reduced when compared to the overall
activity of mice tested in a traditional open-ﬁeld
apparatus with the same dimensions (Frederico et al.
1994b). Signiﬁcantly, acute administration of the
anxiolytic agent chlordiazepoxide before both sessions
increased overall activity in the ﬁrst session but de-
creased it in the second, reinstating the inhibitory
eﬀect of habituation on locomotor activity in the elev-
ated open ﬁeld (Frederico et al. 1994a).
Under the experimental conditions of the present
study, previous habituation to the open-ﬁeld environ-
ment reduced the anxiogenic eﬀects of novelty and
this was reﬂected by increases in the grooming be-
haviour of Hab control mice compared to Nov control
mice. In this way, Carey et al. (2003a) have elegantly
demonstrated that grooming can be used as an eﬀec-
tive positive measure of environmental habituation.
These data highlight the methodological advantage of
the open ﬁeld over other apparatus such as the activity
boxes. The open ﬁeld allows us to register diﬀerent
behavioural parameters (Alvarez et al. 2006 ; Araujo
et al. 2005, 2006) that, in this case, were critical to
demonstrating the habituation phenomenon in the
Hab groups.
Beyond assuring the balance of novelty’s rewarding
and aversive properties, the lack of the inhibitory ef-
fect of habituation on spontaneous locomotor activity
observed under our open-ﬁeld environmental con-
ditions has the extra advantage of avoiding locomotor
baseline diﬀerences between Nov and Hab mice,
thereby facilitating the comparison of acute and re-
peated Amp eﬀects in these animals.
Whereas acute Amp administration in Hab animals
produced an increase in total and peripheral loco-
motion and a decrease in grooming, acute Amp ad-
ministration in Nov animals induced a decrease in
grooming without concurrent modiﬁcations in loco-
motion. These data suggest that when Amp is acutely
administered in a novel environment, the stressful or
anxiogenic eﬀects of novelty and/or Amp seem to
prevail over its stimulant and motivational eﬀects.
This hypothesis is corroborated by the fact that the
Nov-Sal-Amp group (but not the Hab-Sal-Amp group)
also presented a signiﬁcant increase in freezing dur-
ation. An enhancement of freezing behaviour has been
commonly associated with high levels of anxiety in
rodents (see Branda˜o et al. 2008 for a review). The ab-
sence of acute stimulant Amp eﬀects on the central
locomotor parameter, even in Hab mice, reveals the
anxiogenic properties of the drug. Indeed, it has been
extensively demonstrated that rodents are averse to
open spaces and that this aversion is increased by
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anxiogenic drugs and decreased by anxiolytic agents
(Castro et al. 2006 ; Frussa-Filho et al. 1991, 1999 ;
Handley & Mithani, 1984 ; Kameda et al. 2007 ; Pellow
et al. 1985; Silva & Frussa-Filho, 2000; Silva et al. 2004).
In contrast to the results of acute Amp adminis-
tration, repeated Amp administration produced
locomotor sensitization (total, peripheral and central
locomotion) only in Nov animals. Interestingly, this
result was independent of the acute psychomotor
response to the drug; the Nov group showed behav-
ioural sensitization even in the absence of locomotor
modiﬁcations after acute Amp administration. There-
fore, the facilitation of sensitization seen in the Nov
groupwas not simply due to a general enhancement of
the psychomotor response to Amp caused by the novel
environment.
Importantly, no signiﬁcant diﬀerences were found
between the Amp-Sal and the Sal-Sal groups for
each novelty/habituation condition in any of the
behavioural parameters. These data demonstrate that
repeated treatment with Amp per se did not produce
relevant behavioural eﬀects that could have possibly
accounted for the results obtained for the Amp-Amp
groups.
As previously reviewed by Robinson et al. (1998),
the context in which the drug is administered is
usually the major determinant of whether sensitiz-
ation is expressed at any particular place or time. It is
believed that behavioural sensitization results from
interactions among the pharmacological eﬀects of
drugs and the context surrounding drug adminis-
tration. This assumption seems to be in accord with
our data. Our results are also in line with our earlier
data for the rapid-onset type of behavioural sensitiz-
ation to Amp in mice (Alvarez et al. 2006) and those
found by Badiani and co-workers (1995a–c, 1997) for
the induction phase of Amp-induced behavioural
sensitization in rats, demonstrating that novelty also
facilitates the expression of behavioural sensitization
induced by repeated Amp administration in mice.
However, the present data are in contrast to those
reported by Carey’s research group. These researchers
demonstrated that the acute locomotor-stimulant ef-
fect of cocaine was potentiated in a novel open ﬁeld
and when cocaine treatment was initiated in this novel
apparatus, a tolerance-like decrease in locomotor acti-
vation was observed (Carey & Damianopoulos, 2006 ;
Carey et al. 2005). Methodological diﬀerences between
Carey’s work and ours (ratsrmice, cocainerAmp,
novelty in the induction phase of sensitizationr
novelty in the expression phase of sensitization, lowr
high illumination in the open ﬁeld, etc.) could have
accounted for these discrepancies.
In ‘sensitized’ animals, the motivational eﬀects of
novelty and/or Amp may be mutually potentiated
and prevail over the stressful eﬀects of these stimuli.
As previously outlined by Robinson & Berridge (1993,
2000, 2001), repeated treatment with Amp produces
long-lasting changes in the brain systems related to
motivation, making them hypersensitive to the drug
and drug-related stimuli.
An alternative, but not mutually exclusive, hypoth-
esis is that these data could be the result of tolerance to
the anxiogenic eﬀects of Amp after repeated adminis-
tration. According to this rationale, repeated Amp
administration would produce tolerance to the anxio-
genic eﬀects elicited by the acute administration of
the drug in a novel environment. Consequently, the
drug’s stimulant eﬀects would prevail. This tolerance
to Amp’s anxiogenic eﬀect has already been demon-
strated by the increase in the percentage of time mice
spent in the open arms of the plus-maze apparatus
(Biała & Kruk, 2007) and the plus-maze discriminative
avoidance task (Silva et al. 2002) after repeated Amp
treatment.
This alternative hypothesis is strengthened by the
joint analysis of the peripheral and central locomotion
parameters. Indeed, as previously reviewed by Prut &
Belzung (2003), an increase in the time spent in the
central part of the open ﬁeld, an increase in the ratio of
central/total locomotion or a decrease in the latency to
enter the central part of the apparatus are all indica-
tions of anxiolysis in rodents. Our results show that
the increase in the total locomotion frequency of the
Nov-Amp-Amp group when compared to the Hab-
Amp-Amp group is particularly caused by an en-
hancement in central locomotion. Moreover, we
veriﬁed that repeated Amp treatment completely
counteracted the enhancement in freezing behaviour
seen after acute Amp administration in mice exposed
to novelty (Nov-Amp-Amp<Nov-Sal-Amp). It is
tempting, in light of these results, to question whether
tolerance to Amp eﬀects on freezing behaviour of mice
exposed to novelty is (at least in part) a consequence of
sensitization to its stimulant/motivational eﬀects.
Indeed, both sensitization to the locomotor-stimulant
eﬀect of Amp and tolerance to its eﬀects on freezing
behaviour occurred only in Nov-Amp-Amp animals.
As discussed earlier, in ‘sensitized’ animals the moti-
vational eﬀects of novelty would be potentiated,
thereby overriding the anxiogenic eﬀect of both
novelty and Amp.
This discussion leaves open a question: does re-
peated Amp administration enhance the motivational
eﬀects of novelty and/or Amp because it diminishes
the drug’s anxiogenic eﬀects, or does tolerance to the
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anxiogenic eﬀects of Amp occur because repeated
Amp treatment increases the drug’s motivational
eﬀects?
Although this question is undoubtedly diﬃcult
to answer, the motivational aspect can also be ad-
dressed by analysing the total locomotion frequency
throughout the observation session (Fig. 3). Indeed, an
enhanced within-session habituation of open-ﬁeld
locomotor activity of rodents has been proposed to
reﬂect decreased motivational eﬀects of novelty,
which has been observed, for example, after neuro-
leptic treatment (Carey, 1987). In the present study
a within-session habituation deﬁcit was only veriﬁed
in the ‘sensitized’ Nov-Amp-Amp group, which
could indicate an enhanced motivation in these ani-
mals.
Taken together, the above facts suggest that re-
peated Amp treatment produces a simultaneous
tolerance to its anxiogenic eﬀects and sensitization to
its stimulant/motivational eﬀects. Thus, when Amp is
acutely administered and the animals are kept in a
familiar environment, the drug’s stimulant/motiva-
tional eﬀects can prevail over its anxiogenic eﬀects and
cause hyperlocomotion. In contrast, when Amp is
acutely administered and the animals are exposed to a
novel environment, the anxiogenic eﬀects of the drug
seem to be (at least under our experimental con-
ditions) potentiated by the stressful eﬀects of novelty.
As a result, no hyperlocomotion occurs and freezing
behaviour is increased. However, if Amp is repeatedly
administered, the potentiating eﬀect of the stressful
component of novelty on the reduced anxiogenic
eﬀects of Amp seem to be much lower than the po-
tentiating eﬀect of the stimulant/motivational com-
ponent of novelty on the already sensitized stimulant/
motivational eﬀect of the drug. As a result, extreme
hyperlocomotion takes place accompanied by a lack of
freezing behaviour.
As reviewed by Koob et al. (1998) and by Leshner &
Koob (1999), the acute reinforcing action of Amp is
thought to be mediated by an enhancement of dopa-
mine transmission in the mesocorticolimbic system.
With chronic Amp use the brain’s functioning is dys-
regulated, and changes such as decreases in dopamine
and serotonin function, up-regulation of the second-
messenger pathways and modiﬁed expression of
transcription factors (CREB, FRA, Fos) are observed,
especially in the extended amygdala and during the
withdrawal period. These changes, combined with
those produced by exposure to a novel or a familiar
environment might also be involved with the com-
pletely diﬀerent response of chronic vs. acute Amp to
the novel vs. familiar environment.
As a ﬁnal comment, it has been widely demon-
strated that rodents classiﬁed as high responders
(when placed in an inescapable novel environment for
the ﬁrst time) show enhanced sensitivity to the acute
drug stimulant eﬀect and to the development of be-
havioural sensitization compared to rodents classiﬁed
as low responders (Exner & Clark, 1993 ; Hooks et al.
1991 ; Robinet et al. 1998). Similar to these ﬁndings,
our data demonstrated that Amp-induced behavioural
sensitization was potentiated when Amp-treated mice
were placed in an inescapable novel environment
during drug challenge. However, the acute locomotor
stimulant eﬀect of Amp was blunted. As previously
discussed, the latter result could be explained by the
combined stressful/anxiogenic eﬀects of the inescap-
able novel environment and Amp.
Our data provide additional information on the
inﬂuence of novelty on Amp abuse. Indeed, we
demonstrated that exposure to a novel environment
facilitates the expression phase of Amp-induced
behavioural sensitization in a way similar to the
potentiating eﬀect of novelty on the induction phase of
this phenomenon reported earlier. Even though the
induction and expression phases of behavioural
sensitization seem to be related to diﬀerent brain
structures and neurochemical mechanisms, our results
indicate that novelty can modulate both phases in
the same direction. In addition, we demonstrated
how the animal’s behaviour reveals the complex
and plastic interaction between the stimulant/
motivational and anxiogenic/stressful eﬀects of both
Amp and novelty.
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